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ABSTRACT  Periodicities in the polar/apolar character of
the dmino acid sequence of a protein can be examined by as-
signing to each residue a numerical hydrophobicity and
searching for periodicity in the resulting one-dimensional
function. The strenigth of each periodic component is the quan-
tity that has been termed the hydrophobic moment. When pro-
teins of known three-dimensional structure are examined, it is
found that sequences that form « helices tend to have, on aver-
age, a strong periodicity in the hydrophobicity of 3.6 residues,
the period of the a helix. Similarly, many sequences that form
strands of B sheets tend to have a periodicity in their hydro-
phobicity of about 2.3 residues, the period typical of 8 struc-
ture. Also, the few sequences known to form 3, helices display
a periodicity of about 2.5 residues, not far from the period of 3
for ail ideal 3,4 helix. This means that many protein sequences
tend to form the periodic structure that maximizes their am-
phiphilicity. This observation suggests that the periodicity of
the hydrophobicity of the protein primary structure is a factor
in the formation of secondary structures. Moreover, the obser-
vation that many protein sequences tend to form segments of
maximum amphiphilicity suggests that segments of secondary
structure fold at a hydrophobic surface, probably formed
from other parts of the folding protein.

Ever since the structures of myoglobin and hemoglobin were
determined, it has been evident that segments of protein sec-
ondary structure can be amphiphilic, in the sense that one
side is appreciably more apolar than the other (1, 2). It has
also been evident that this amphiphilicity is 4 factor in the
folding of the protein (3).

Recently we have used a measure of the amphiphilicity of
a protein segment, the hydrophobic moment, to study pro-
tein folding (4, 5). Here we extend the application of the
hydrophobic moment to the detection of periodicities in the
hydrophobicities of amino acid sequences. The spécific
question we ask is whether known segments of « helix, 8
structure, and 3, helix tend to be periodic in the hydropho-
bicities of their amino acid residues. This question can be
answered by noting that the hydrophobic moment can give
the strength of each component of the periodicity of the hy-
drophobicity, as shown below.

METHODS

The hydrophobic moment measures the amphiphilicity of the
N amino acid residues of a protein segment. If the three-
dimensional structure of the protein is known, the hydropho-
bic moment can be calculated from the relationship

N
s = Zl H,s,, (1]

in which H, is the numerical hydrophobicity of the nth resi-
due and s,, is a unit vector in the direction from the nucleus of

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

©2.3) to 180° (m

140

the a carbon toward the geometric center of the side chain.
Protein segments, with most apolar side chains on one side,
are characterized by large values of u, (5).

The hydrophobic moment of a segment of protein can be
estimated when the primary structure is known, provided
the segment is periodic and the period is known. Let the pe-
riodic structure be specified by m, the number of residues
per turn, or alternatively, & = 2#/m, in which § is the angle
in radians at which suceessive side chains emerge from the
backbone, when the periodic segment is viewed down its
axis. Thus, for an a helix, &is 100° (m = 3.6), and for a strand
of B structure, § is expected to be in the range of 160° (m =
2.0). That in the B structure of globular
proteins 8 might not exactly equal 180° reflects the tendency
of B sheets to twist (6, 7). Whatever the value of 8, a periodic
structure that is amphiphilic will yield a large value for u,
given by

N 2 N 2) %
w= {[Zl H, sin(8n)] + [Zl H, cos(an)” ,

(2]

in which & is measured in radians—that is, the length of the
hydrophobic moment, u, is given by the sum of the compo-
nents of the hydrophobicity vectors.

The form of Eq. 2 suggests that we may regard the hydro-
phobic moment in a more general light: we may think of & as
a variable that may assume any valueé from zero (for a helix
with an infinite repeat) to 180° (for a straight strand of 8
structure). Then the hydrophobic moment is the modulus of
the Fourier transform of the one-dimensional hydrophobic-
ity function,

N 2 N 2
W) = {[Zl H, sin(’o‘n)] + [21 H, cos(8n)] }

7]

N
Zl H,e*|. [3]

Thus, u(8) is the strerigth of the component of the periodicity
having the frequency 8. This quantity can be evaluated for
any amino acid sequence by-inserting the as$ociated hydro-
phobicities in Eq. 3. A larfe value of u at a particular § indi-
cates a strong component of the periodicity at that 6. We
note. that othiers have used Fourier transforms to detect resi-
due periodicities in tropomyosin (8) and collagen (9) and that
the role of polar and apolar residues in determining protein
folding has been discussed by many authors, including
Kauzmann (10J, Kuntz (11), Rose (12), and Argds et al. (13). -

Other than for control calculations, the hydrophobicities
used in 41l computations were from the “¢oriserisus” scale of
ref. 5. These values are as follows: Ile, 0.73; Phe, 0.61; Val,
0.54; Leu, 0.53; Trp, 0.37; Met, 0.26; Ala, 0.25; Gly, 0.16;
Cys, 0.04; Tyr, 0.02; Pro, —0.07; Thr, —0.18; Ser, —0.26;
His, —0.40; Glu, —0.62; Asn, —0.64; Gln, —0.69; Asp,
—0.72; Lys, —1.10; Arg, —1.76.

For examination of periodicities in protein structures, ami-
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no acid sequences (but not atomic coordinates) were taken
from the Brookhaven Protein Data Bank, June 1982 tape edi-
tion (14). Attention was restricted to those sequences for
which authors designated, on the basis of the three-dimen-
sional structure, segments of a strycture, B structure, or 3,
helix. We attempted to select a representative group of all
available structures. Furthermore, the small number of seg-
ments of B strands shorter than four residues, of a helices
shorter than seven residues, and 3, helices shorter than five
residues were ignored. The proteins included in the calcula-
tions were as follows:

All-a-helical class: calcium-binding parvalbumin B, cyto-
chrome bs (oxidized), cytochrome bsg, (Escherichia coli, ox-
idized), cytochrome ¢ (oxidized), cytochrome css; (oxi-
dized), hemoglobin (horse, aquo met), melittin, cytochrome
¢ (prime), myoglobin (met), and myohemerythrin.

a/B class: adenylate kinase, apo-liver alcohol dehydrog-
enase, carbonic anhydrase form C (carbonate dehydratase),
carboxypeptidase A, dihydrofolate reductase, flavodoxin
(oxidized form), lactate dehydrogenase (apoenzyme M4),
subtilisin novo, triose phosphate isomerase, and L-arabinose
binding protein. ’

All-B class: acid proteinase, endothiapepsin, actinidin
(sulfhydryl proteinase), a-chymotrypsin A, concanavalin A,
tosyl elastase, papain, Cu~Zn superoxide dismutase, plasto-
cyanin, prealbumin (human plasma), and B-trypsin (diisopro-
pylphosphoryl inhibited).

Additional proteins: phospholipase A2, rhodanese, and
thermolysin.

This collection of proteins contains 157 segments of a he-
lix, 220 segments of B structure, and 4 segments of 3,9 helix
meeting the criteria of length described above. These were
the subjects of the calculations described in the following.

RESULTS

Model Sequences. To illustrate the application of Eq. 3, the
quantity u was calculated for four model amino acid se-
quences and plotted as a function of & (see Fig. 1). This is
called a hydrophobic moment profile. The first calculation
was for a highly amphiphilic a helix, with a sequence ar-
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ranged such that one side of the helix projects only highly
polar arginyl side chains and the other side projects only
highly apolar isoleucyl side chains. The profile shows a large
maximum at § = 100°, as well as subsidiary peaks at other
angles, which arise because the segment is not infinitely
long.

A second calculation was for a model segment of 8, Ala-
Leu-Ala-Leu-Ala-Leu. This segment was designed such that
its maximum amphiphilicity falls at § = 180°. Furthermore,
this maximum is far smaller than that of the a curve because
the amphiphilicity of an Ala-Leu sequence is much smaller
than that of an Arg-Ile sequence. The Ala-Leu sequence was
selected as a model for B because B structure is typically
apolar (15).

Two model structures were included in Fig. 1 to give some
idea of the factors that cause maxima in the profile at posi-
tions other than near 100° or 160-180°, even for « helices and
B strands. In an « helix, the maximum can fall away from
100° if the hydrophobic side chains are at positions that form
a stripe across the helix at an angle to the axis. Such an ar-
rangement is expected (16, 17) for helices that cross each
other at an angle and for which the attractive force is hydro-
phobic. The curve labeled a cross is for the sequence Ile-Ile-
Ala-Ala-Ile-Ile-Ala, which has highly apolar residues at posi-
tions 1, 2, 5, and 6 of the a helix. These form a strip of hydro-
phobic residues ready to pair with another helix having a
crossing angle of about 20° with the first (17). -

The final model calculation illustrated in Fig. 1 is for a g
bulge (18). In a B bulge, the backbone of a strand of B struc-
ture is altered so that two successive side chains protrude
from the same side of the sheet rather than from opposite
sides. The six-residue model for B can be altered to Ala-Leu-
Leu-Ala-Leu-Ala to represent a 8 bulge. In this sequence the
strict alternation of a more apolar and a less apolar residue is
broken, and the maximum in & near 180° disappears (Fig. 1,
curve labeled bulge).

Not shown in Fig. 1 is the hydrophobic moment profile for
a model 3,9 helix, having a three-residue repeat. This struc-
ture forces the main maximum to fall at § = 120°.

Protein Sequences. When Eq. 3 is applied to the segments
of secondary structure listed in Methods, the plots of Fig. 2
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TSRS T E TR

80 100 120

140 160 180

8, Degrees per residue

F1G. 1. Hydrophobic moment profiles for model peptides. The values of w(5) are given here on a per residue basis to allow comparison of
peptides. a, Arg-Ile-Ile-Arg-Arg-lle-lIle-Arg-Arg-lle-Arg-Arg-Ile-lle-Arg-Arg-lle-lle; a Cross, Ile-Ile-Ala-Ala-lle-Ile-Ala; B, Ala-Leu-Ala-Leu-

Ala-Leu; g Bulge, Ala-Leu-Leu-Ala-Leu-Ala.
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FiG. 2. Hydrophobic moment profiles for protein segments of
known structure. For this figure and Fig. 3, the relative ordinates of
the different curves are arbitrary. a, The sum of the profiles for 157
segments of a helix. The ratio of the maximum value of w(8) to the
minimum is 1.5. B, The sum of the profiles for 220 segments of B
structure. The ratio of the maximum value of u(8) to the minimum is
1.1.

and 3 are obtained. Fig. 2 shows that the average of 157 seg-
ments of « helix results in a strong maximum at 100°. This
shows that, on average, these protein primary segments are
more polar on one side than on the other when arranged as
an a helix (8 = 100°). In fact, on average, these primary
structures are more amphiphilic arranged as a helices than in
any other periodic secondary structure. For the average of
the 220 strands of B structure, the plot shows a maximum at
160°, but it is less pronounced. Part of the reason, as dis-
cussed above, is that strands of B structure tend to be more
uniformly apolar than « helices.

To explore other reasons why the peak in the 8 plot is not
more pronounced, we divided the proteins considered in the
calculation into three main classes of protein structures (19):
all a, a/B, and all B (or antiparallel B). The results for the a
and B strands in these individual classes are shown in the
upper four plots in Fig. 3. From these it is clear that the a
maxima are strong in both all-a and a/ type proteins but
that the 8 maxima are more prominent in the 8 strands of the
a/B proteins than in the all-B proteins.

A possible reason for the weak peak at 160° in the all-B
proteins is that the B strands in these proteins may be more
twisted or more subject to features such as g bulges, which
destroy the regularity of the amphiphilicity. This would be
expected because the B strands in the all-B8 proteins tend to
be longer (75% are at least seven residues in length, com-
pared to only 42% for the B segments of a/B proteins). To
investigate this possibility, we repeated the calculation of the
profiles for the B strands of the all-B proteins but truncated
each strand after the first six residues. This tends to mini-
mize the effects of features such as B bulges. The results are
shown in the lowest curve of Fig. 3 (labeled B6): clearly the
maximum is more pronounced than for the corresponding
calculation (immediately above it) for the entire lengths of
the strands. A similar calculation for the middle six residues
of each B strand produced a similar average profile.

Carbonic Anhydrase. When hydrophobic moment profiles
are examined for individual segments of secondary struc-
ture, many are found to have complex profiles, sometimes
with more than a single peak and, in some cases, with local
or global maxima far from the expected angle for the given
type of secondary structure.

One of the simplest examples is that of carbonic anhy-
drase, for which the profiles are given in Fig. 4 Upper (the a
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and 3,9 helices) and Lower (the strands of B structure). For
none of the four « helices is the maximum exactly at 100°,
but three of them (solid curves) fall between 90 and 110°. The
longest a helix has its maximum near 130°. The single 3¢
helix (residues 20-25) has its maximum at 132°, close to the
120° period of an ideal 3,9 helix. Of the nine strands of B
structure, six have their principal maximum between 140 and
180° (solid curves).

Turns, Irregular Segments, and Other Hydrophobicities.
As control computations, hydrophobic moment profiles
were computed for turns and other irregular segments of
polypeptide backbone. Turns were taken as those segments
so designated by original authors on the Brookhaven data
tape. The sum of the profiles, for the 224 such segments in
the proteins listed in Methods, is flat relative to the « and 8
profiles. The same is true for 274 irregular segments, taken
from regions of polypeptide chain not designated by authors
as any of a, B, 319 helix or turn.

As a final control, the calculations were repeated with
three other hydrophobicity scales (5). In all cases the summed
hydrophobic moment profiles contained the same essential
features.

DISCUSSION

Hydrophobic Periodicity in Proteins. From 25 years of
studies of the three-dimensional structures of globular pro-
teins, one of the fundamental observations is that proteins
contain periodic structural elements: « helix, B strands, and
some 3,9 helices. Although in these structures, the periodic-
ity of the hydrogen bonding is immediately obvious, Figs. 2
and 3 demonstrate that, on the average, there is also a perio-
dicity in the polar/apolar nature of the amino acid side
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FiG. 3. Hydrophobic moment profiles, similar to those of Fig. 2,
except profiles are summed within various structural classes of pro-
teins. The proteins associated with each class are given in Methods.
The profile labeled B6 is for all-8 segments from the all-8 proteins
truncated to the first six residues.
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FiG. 4. Hydrophobic moment profiles for secondary structure
segments from carbonic anhydrase C. (Upper) Helices. Profiles for
four a helices and the single 3, helix are shown. The residue num-
bers of helices are: 1, 130-137; 2, 155-162; 3, 162-168; 4, 219-229;
3,0, 20-25. (Lower) Profiles for nine strands of B8 structure. The resi-
due numbers of the strands are: 1, 256-259; 2, 191-196; 3, 206-212;
4, 140-151; 5, 116-124; 6, 87-96; 7, 65-71; 8, 55-62; 9, 171-176.

chains. The periodicity of the hydrophobicity, on the aver-
age, matches the periodicity of the structure—that is, « heli-
ces on the average tend to have a maximum in the hydropho-
bic moment profile at § = 100°, and strands of B structure
tend to have a maximum near 160°.

Secondary Structure Formation. Much effort has been fo-
cused on the question of what determines the secondary
structure of proteins (7, 15). Is it possible that a periodicity in
the hydrophobicity encodes a secondary structure with the
same period? The results summarized in Figs. 2 and 3 sug-
gest that this could be a factor: a peptide sequence tends to
fold into a segment of secondary structure with one apolar
and one polar side.

How a peptide sequence might fold into the secondary
structure segment yielding the largest possible hydrophobic
moment is illustrated by the structure of the melittin tetra-
mer (20, 21). At low concentrations in dilute salt solutions,
the 26-residue subunit is a random coil, but at salt concentra-
tions above physiological levels, each subunit of melittin
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folds into an a helix with an exceptionally large hydrophobic
moment (5). In the tetramer, the hydrophobic moments of
the four subunits almost exactly cancel. Moreover, helix for-
mation and tetramerization occur at about the same concen-
tration of melittin, as judged by correlated changes in CD
and tryptophanyl fluorescence (unpublished observations).
Taken together, these observations suggest that the presence
of a hydrophobic surface presented by one side of a melittin
helix is a favorable energetic environment for the stabiliza-
tion of other melittin helices. We speculate that this may be a
more general aspect of protein folding: protein segments
take up secondary structures that yield the largest possible
hydrophobic moments because they form at the polar/apolar
interface formed between the folding protein and the solu-
tion. Nevertheless, it is clear that other factors are also in-
volved in secondary structure formation because by no
means do all peptides form the periodic structure having the
largest possible hydrophobic moment.

This view of secondary structure formation takes into ac-
count “long-range forces,” although in a nonspecific way.
This is so in that the tendency of a segment to maximize its
hydrophobic moment depends not only on the residues of
the segment itself but also on those in the rest of the protein
sequence. The residues in the other parts must present an
apolar surface for the segment to form its proper secondary
structure.

Factors Affecting Hydrophobic Periodicity. Hydrophobic
moment profiles of segments of protein are available once
the primary structure of a protein is known and present the
question of what information can be drawn from them. A
first step in answering this question is understanding the fac-
tors that affect the positions and magnitudes of peaks in the
profile.

The positions of peaks in the profile are related in part to
the type of secondary structure in the peptide, as demon-
strated by the results above. However, not all segments
known to be « helices give a profile with a maximum at 100°,
nor do all sequences known to fold into B strands give pro-
files with maxima near 160°. This is evident for helix 4 in Fig.
4 Upper and for B strands 4, 8, and 9 in Fig. 4 Lower and is
even more evident in the corresponding plots for many of the
other proteins.

At least two factors that displace maxima from those ex-
pected for an amphiphilic structure are discussed above: (i) a
helices on which the hydrophobic residues are not uniformly
distributed along one side parallel to the axis but rather are
arranged in a slanted region across the helix and (ii) B bulges
and other local structures that produce “out-of-phase” peri-
odicities in the distribution of hydrophobic residues. There
may well be other reasons that will emerge from detailed
studies of the relationship of hydrophobic moment profiles
to their corresponding sequences.

The magnitude of the hydrophobic moment profile at a
given value of § is affected by other factors. One is the de-
gree of amphiphilicity of the segment of peptide structure. In
general, helices and B segments on the surface of proteins
are expected to be quite amphiphilic and hence to have large
hydrophobic moments (5, 20, 21). Interior segments are ex-
pected to have smaller values.

Longer segments of secondary structure would be expect-
ed to have hydrophobic moment profiles revealing fewer
strong peaks. The reason is that longer segments are unlikely
to have a uniform secondary structure, free of such features
as bulges and bends. Thus, the early and late parts of the
segment are likely to be out of phase with each other, and,
consequently, strong features in the profile tend to be lost.

Another quantity of interest is the value of §(0), the value
of the hydrophobic moment profile for an infinite period. As
is evident from Eq. 3, this is simply the sum of the hydropho-
bicities of the segment. Thus, the hydrophobicity of a seg-
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ment in the present treatment is simply the value of the hy-
drophobic moment profile at a particular point (6 = 0°).
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